Abstract-At the microscale, assembly by grasp and release is challenging. Self-assembly (SA) is an alternative component assembly method to significantly reduce assembly equipment costs. However, successful application of SA requires high assembly rates and high yield (few process errors). Prior modeling efforts describe SA process performance (yield and rate) for specific system configurations, but they do not use measurable process parameters and provide limited ability to predict the impact of process changes. In this paper, an experimental SA system was designed that controls process parameters independently while measuring SA outcomes. This system is used to evaluate a simple parameterization model for SA rate. The travel direction of the parts is varied to measure the path dependence of the assembly probability in the limit of low-impact velocity. Moreover, effects from changing part geometry are evaluated and accounted for in the model. Experimental results show a strong part-geometry dependence and minimal dependence on part arrival angle. This information is a key step toward a parametric kinetic model of capillary SA and complements previous SA process modeling efforts.
I. INTRODUCTION
T RADITIONAL assembly methods are based on a serial "grasp, position, and release" process, but this approach does not scale well to the microscale [1] , [2] . Alternatively, self-assembly (SA) processes can be adapted for microscale integration [3] . SA arises from stochastic component interactions and from a balance between attractive and repulsive forces. While attractive forces provide bonding, repulsive forces prevent components from remaining in undesired configurations. Provided an adequate mobility for interacting with each other, components assemble spontaneously while also having the mobility to escape local minima in bonding energy to reach minimum energy bonding configurations. This is seen as high alignment accuracy and low errors in assembly [4] . There is potential for significant cost advantages because SA systems do not require expensive manipulation systems, and feedback mechanisms [2] , [5] , [6] . Moreover, high throughput is possible because parts can readily self-assemble in parallel.
Most successful microscale SA systems utilize a liquid ambient environment. A liquid medium reduces the apparent weight of components [2] , [7] , [8] . Also, it reduces unwanted adhesion due to Van der Waals and electrostatic forces.
On the other hand, the use of liquids induces challenges for microscale integration, such as avoiding corrosion, electrical contact shorting and liquid residue contamination [9] , [10] . Nevertheless, previous SA systems have overcome these challenges through different ways [11] . These challenges are not within the scope of this study. While SA systems have utilized various bondingmechanisms including magnetic [12] , [13] , electrostatic [14] , and fluid pressure [15] , capillary forces have been most widely used [2] , [16] , [17] . Many capillary SA systems are based on hydrophobic interactions [16] . Hydrophobic patterns can be created through standard micro-patterning techniques, together with selective deposition of self-assembled monolayers (SAM) [18] , [19] and/or oxidation reactions [20] . Capillary SA based on hydrophobic interactions has been implemented successfully for assembling solar cells [21] , LED's on flexible substrates [22] , thermoelectric devices [23] , piezoelectric transducers [24] and MEMS devices of different batches into a common substrate [25] . Furthermore, capillary SA has been evaluated as a feasible additive manufacturing process [26] .
Successful application of SA requires high assembly rates and yield (i.e. few errors). This is especially true at the microscale, where interaction frequencies are dramatically lower relative to nanoscale processes [8] . Maintaining adequate assembly rates requires maximizing the assembly probability of each interaction. However, at the microscale, little is known about the relationship between the physical process parameters and process rates [16] , [17] . This hinders SA commercialization.
SA processes are complex involving many bodies and multiple physical phenomena. Stochastic models have been derived from physics of reactant-interactions to consider process parameters such as relative number of reactants, geometries and densities, number of possible reactions, and relative workspace volume [27] . However, these models are computationally expensive, require experimental data for calibration, and are not based on a validated model of SA interactions that could guide effective process optimization. Reaction kinetics methods provide inexpensive models of the time evolution of SA processes, and could predict changes in assembly rates if based on physical parameters. However, current formulations are based on experimental measurements unrelated to controllable process parameters [4] , [17] , [28] , [29] .
Understanding of key relationships between SA process yield and key variables such as part geometry, speed, orientation, and size enables efficient process development. This work proposes a parametric model for the most basic SA event: one part interacting with one receptor site. While interactions between multiple parts may play an important role in SA process rate, the present objective is to first understand how basic part-site interaction outcomes relate to measurable process parameters. Further work should then assess the role of part-part interactions, based on the findings provided here. The proposed model could enhance an event-based simulation similar to [27] or supply process-rate information to a reaction kinetics model. Such a model is meant to facilitate design and application of SA. A relationship between defined parameters and SA process rate is presented next. Subsequent section presents details on the experimental system for evaluating scaling relationships. Such system is not an actual SA system. Instead, it creates single part-site interactions under controlled conditions for measuring the impact of key process variables on assembly rate. In the last section, the authors discuss the measured effects that part geometry and part-travel direction have on SA process rate.
II. UNDERSTANDING SA PROCESSES
A basic microscale SA process behaves as a first order reaction between two reactants: unassembled parts and assembly sites [17] , [28] . When part supply is much higher than that of sites, the SA system simplifies into a pseudo first order reaction: A → B; where A is the number of empty assembly sites, and B is the number of correct part-site assemblies. Part-site interactions can also produce a number of assemblies (C) where parts are incorrectly oriented (corresponding to undesirable, yet stable energy states) represented as a competing reaction A → C. The rates for these parallel, competing first order reactions are given by:
where k B and k C are the rate constants for each reaction [30] . Maximizing the rate of assembly (Ḃ) is a likely process design objective for increasing process throughput, Minimization ofĊ should further enhance SA process yield as the incorrect assemblies can induce significant reduction of performance, as reported previously [31] . Both objectives (maximizeḂ and minimizeĊ) are regarded as main objectives when designing a SA system [4] . Full process modeling requires characterization of all reactions, but this work will focus on the primary desired reaction ( A → B). In chemical reactions, the Arrhenius equation (k = Ae −E a /K T ) relates the reaction rate constant (k) to the attempt frequency (A), activation energy (E a ), Boltzmann Constant (K ), and temperature (T ). The probability of successful reactions is a function of the energy ratio E a /K T , where KT is the average thermal energy [30] . Selfassembly may be governed by a similar energy ratio. However, a new energy ratio definition is required because K T is not an effective measure of the average kinetic energy at the microscale.
A useful kinetic model would relate assembly rateḂ to the probability of each part-site interaction becoming a successful assembly. Each interaction occurs when an assembly part Unit cell of a self-assembly system consists of a single site. The process performance is determined by the outcomes of individual parts interacting with an assembly site determines. Key process parameters (to be evaluated) are part kinetic energy (E k ), binding energy (E b ), angle of incidence (ϕ), and probability of correct part orientation (ρ o ).
arrives at one assembly site and its immediate surroundings. Here we consider a stationary site though in general it could be free to move. During each interaction the part position, orientation, and speed relative to the site can vary stochastically with a distribution that may not be known. Assembly occurs when the bonding energy overcomes part kinetic energy to assemble a part to a site. While different parameterizations can be applied, the ideal parameters should be easily measured and controlled during an assembly process. We propose to express the outcome of each assembly attempt in terms of four parameters: part kinetic energy E k , nominal binding energy E b , angle of incidence ϕ, and the probability ρ o that a part's orientation permits bonding (See Fig. 1 ). The assembly probability assumes a uniform distribution in part positions.
where the function ρ a is the probability that one attempt becomes a successful assembly; and r i is the rate at which assembly attempts occur. In this work, the parameter ρ o was directly related to part geometry (see next section). Alternative reactions such as A → C would be characterized by a similar function of the same variables. A model framework is required to test the accuracy of this parameterization scheme, and identify a suitable function ρ a in Equation 3.
The following hypotheses will simplify the empirical evaluation scheme for Equation 3:
1) For a purely energy-based process, zero assemblies are expected when the magnitude of kinetic energy E k is greater than binding energy
. Similarly, ρ a would increase to a maximum value as E k /E b decreases (while still having enough E k for a part to travel and land on a site). Alternative (and possibly undesirable) assembly states associated with local minima would also vary with energy but with a different E b value. Effects from both energy parameters After preparing the assembly site surfaces (oxidizing the silicon and applying a self-assembled monolayer to the gold assembly sites) the assembly sites were coated with oil buu passing them through an oil film as described by Biebuyck and Whitesides [32] . Sites are placed in a fixture and transported to the assembly location submerged in water. (b) Illustration of part dropping process during an SA test. Between 600 and 700 parts were dropped individually for each test.
could be evaluated as a function of the ratio (E k /E b ) as is done in chemical reactions. Condensing energy effects into the ratio E k /E b may neglect non-linear effects such as impact that will be more pronounced at higher energies values (even without varying E k /E b ). However, given the limited data on SA process modeling, it is reasonable to start with this simplest assumption and refine where necessary based on additional data. These tests utilize interactions at very low E k /E b ratios, minimizing (hence, neglecting) non-linear effects. This is the area of greatest practical interest as assembly probabilities are highest in these regions, Effects of varying E k /E b , as well as those of impact and viscoelastic forces will be addressed in a future work. 2) If SA is a purely energy-based process, then assemblies would be independent of the assembly path and thus independent of the angle ϕ at which parts arrive on sites. This paper reports the results of tests to evaluate this hypothesis. In order to test path independence, the effects of ϕ on the initial assembly rate is measured as a single-variable function g(ϕ). 3) When a part has zero probability of being correctly oriented (i.e. ρ o = 0), then ρ a = 0. Similarly, ρ o = 1 (i.e. a part that can bond correctly regardless of its orientation) would increase ρ a to its possible maximum. It is also reasonable to expect a linear relationship betweenḂ and ρ o . Accordingly, Equation 3 is restated aṡ
The above postulates will be tested by experiments as they provide a framework for evaluating the key SA process parameters (E K , E B , ρ o and ϕ). The remainder of this work will cover: 1) an experimental system for measuring SA rate while controlling each SA parameter individually; and 2) empirical evaluation of function g(ϕ) and the effects of ρ o . Tests for this work were performed under the condition E K /E B 1. Hence, the above stated postulate #1 allows for simplifying 
III. EXPERIMENTAL SA SYSTEM

A. Experimental Procedure
The objective of our experimental system was to measure assembly ratesḂ andĊ. For this purpose, the system was designed for creating sequential assembly attempts by dropping assembly parts, one-by-one on an area filled with fixed assembly sites, while controlling the parameters E k , E b , ϕ, and ρ o . For each test, assemblies were observed, and counted after regular increments of parts dropped. Thereafter, the numbers of correct and incorrect assemblies could then be plotted against the number n of parts dropped (i.e. B(n) and C(n) respectively). Integrated forms of Equation 1 and Equation 2 yields the assembly states B(n) and C(n) [30] . These are parallel first order reactions, meaning that the rate at which unfilled assembly sites decrease is
where n is the unit of time; i.e. the process progressed with every part dropped. A o is the number of empty assembly sites at n = 0 parts dropped. Accordingly,
The assembly state versus number of parts dropped (B(n) and C(n)) used to find the rate constants k b and k c were found through regression fitting. These constants were then used to calculate the initial assembly ratesḂ andĊ (using Equation 1 and Equation 2) for each SA test conducted.
The experimental SA system and procedure are depicted in Fig. 2 . The oil-deposition procedure depicted in Fig. 2 was performed at repeatable speed and strip-orientation. This allowed for keeping oil-deposition as uniform as possible [32] . Parts were dropped through a water medium to impact stationary assembly sites. A uniform distribution of dropped parts 
was achieved using a pick and place tool with a capillary gripper and randomized dropping locations distributed with a uniform probability distribution over the entire area containing assembly sites (Fig. 2b) . Several hundred parts were dropped in each test to ensure an adequate fitting of Equation 5 and Equation 6 to the data from each SA test. Number of assemblies B and C were counted by visual identification after regular increments of n parts dropped. Standard micro-fabrication techniques were implemented for creating assembly sites and parts out of silicon substrates (photo-lithography, DRIE, and PVD of thin metal films). Although sites and parts were not actual working devices, geometry and material composition correspond to those of common microscale devices. Assembly sites were designed as 600 μm × 600 μm surface pads, patterned on 40 mm × 2 mm × 0.5 mm silicon strips and distributed over a total assembly area of approximately 50 mm × 30 mm (see Fig. 2a ). In order to focus on primary assembly effects, the strip configuration permitted for non-assembled parts to fall through and not interfere with subsequently arriving parts. Additionally, edge-to-edge spacing between adjacent sites was at least 1 mm, preventing any part from simultaneously interacting with two adjacent sites. Each assembly site was recessed by 15 μm to improve oil deposition on sites (see following section) [33] . Assembly parts were prepared by dicing silicon wafers with varied heights into 500 μm × 500 μm dies. Before dicing, wafers were coated with gold on one or both sides. The binding surfaces of sites were slightly larger than those of parts, preventing parts from interfering with the non-binding surfaces due to small misalignments.
B. Controlling SA Parameters 1) Kinetic Energy: The kinetic energy (E k ) of incoming parts was controlled by dropping them at their terminal velocity under gravity through the liquid medium. This ensures that all parts arrive at the region of assembly sites with the same E k value. Hence, E k becomes a function of part density, part size, ambient liquid density and viscosity. For this work, water at 22°C was used as ambient liquid. Terminal velocity (V ) of the parts (measured from videos taken at 75 frames per seconds) was 73.6 mm/s for 0.5 × 0.5 × 0.4 mm 3 and 81.9 mm/s for 0.5 × 0.5 × 0.5 mm 3 parts (yielding E k = 6.30 · 10 −7 mJ and 9.76 · 10 −7 mJ, respectively). Videos of falling parts indicated that rotational motion was negligible, and that dropped parts achieved terminal velocity after falling 5cm. During testing, parts fell over 12cm before impact.
2) Binding Energy: Energy minimization drives self assembly bonding. For the present work, surface energies are the primary bonding energy. Surfaces are prepared following the approach of Srinivasan et al. [16] . In essence, (while in water medium) contact between binding (hydrophobic) surfaces achieves a smaller energy state, than when a non-binding (hydrophilic) surface is involved. The bonding energy was calculated
where a b is the binding surface area of a part, γ ps , γ sm and γ pm are the interfacial energies, involving parts binding surface ( p), sites binding surface (s), and water medium (m). More detail about all surface compositions is given in Fig. 4 . The surface energy term γ sm was measured as 50.8 mJ/m 2 with a Du-Noüy ring tensiometer. The term γ ps − γ pm was obtained via contact angle (θ ) measurements and use of Young's Equation γ sm · cos (θ ) = − γ ps − γ pm . For E b of a correct assembly (a part binding on its hydrophobic gold surface), a hexadecane drop (composition of surface s) on hydrophobic-rendered gold (corresponding to surface p), in water medium (m) was measured as θ = 1.94°(receding angle) [20] . On the other hand, the same drop liquid and medium was used on a hydrophilic SiO 2 surface to measure θ = 85.46°(receding angle), corresponding to an incorrect assembly. Accordingly, E b for correct and incorrect assemblies were calculated as −22.54 nJ and −13.7 nJ, respectively, when considering the geometries implemented in the present experiments (i.e. a b = 0.5 × 0.5 mm 2 ). The correct assembly E b value yields E k /E b ratios between 0.028 and 0.044 (varying with E k for different part geometries) which agrees with the assumption made in the previous section. The bonding liquid layer achieves two purposes: 1) provides interfacial tension desired for bonding; and 2) acts as a low friction interface that facilitates correction of initial misalignment of an arriving part. The oil/surface forces can improve both rotational and translational alignment [34] , [35] . While the thin liquid layer possess a certain maximum height (∼30 μm), this is a negligible quantity for binding energy calculations. Such three-dimensionality of the bonding liquid enhances the reach of alignment forces (i.e., parts could land with certain offset tolerance and still assemble). Effects of these alignment forces are discussed below, along with experimental results.
3) Angle of Incidence: Motion of parts was determined by gravity. Therefore, incidence angle ϕ was controlled by mounting the strips with assembly sites on a rack mount with desired inclination. Angle ϕ was varied from 30°to 60°, in 7.5°increments. 4) Orientation Probability: While part orientation was not directly controlled, the probability of the binding surface facing downwards varied with the part aspect ratio and the number of binding surfaces. For each part configuration (depicted in Fig. 5 ), the probability ρ o was measured by utilizing the pick and place process to drop approximately 300 parts on a 30mm × 50mm flat area, and counting how many parts landed on their binding surface (i.e. gold side down). As a consistency measure, ρ o measurements were repeated 3 times for every part configuration. Results are depicted in Fig. 5 . Assembly tests were then performed for different part geometries, in order to plot measured assembly rateḂ against ρ o .
IV. RESULTS AND DISCUSSION
Images confirmed the existence of both assembly types (B and C) in every SA test conducted (see Fig. 6 ). It is important to note that incorrect assemblies existed due to weaker, yet somewhat stable bonds with non-binding surfaces. Correct assemblies were more dominant than incorrect ones for every configuration tested (i.e.Ḃ >Ċ). This was predicted by difference in E b values reported above; and is desired for efficiently evaluating the relationship betweenḂ and the key process parameters.
The effects from varying part geometry and angle of incidence are shown in Fig. 7 . The y-axis represents the quantityḂ/r i , (adapted from Equation 4). In our case where the unit of time is one part dropped (n), the rate of interaction r i corresponds to the probability of each part landing on a site. Hence,
where n sites is the number of assembly sites, A site · sin (ϕ) is the projected area of each assembly site, and A total is the total area on which any part could possibly land. PlottingḂ/r i normalizes assembly rate by changes in n sites and ϕ; hence, allowing for direct comparison between SA tests. Each data point represents that average of at least 3 tests with 500-700 parts dropped per test. Fig. 7 illustrates effects of parameters ϕ and ρ o on both assembly types. Effects on incorrect assemblies measured lower than what is measurable with the implemented experimental system. Consequently, it is difficult to draw definitive conclusions on incorrect assemblies. Nevertheless, we can observe that the incorrect assemblies follow similar trends as the correct assemblies. The main objective of the present experiments is to evaluate parameter effects on rate correct assemblies (Ḃ) and only these results will be discussed below. Fig. 7a shows that the effects of ϕ are not significantor at least are not significant relative to the experimental variation. Low effects of angle ϕ would indicate that to first order, g(ϕ) = 1 For the low E k /E b values tested here, this would say that at the low kinetic energy, the probability of assembly is equal to the probability of the center of a part impacting over an assembly site such thatḂ/r i = ρ o . However, this is clearly an underestimate of the assembly probability for low energy conditions as even a small overlap between the part and the binding site can form a bond that would overcome the kinetic energy of the falling part. In fact, thė B/r i vs. ρ o data (Fig. 7b) is reasonably fitted by the line (that goes through the origin)Ḃ/r i = 3.002 · ρ o . While this agrees with the form of the hypothesized relationship in Equation 4 the rates increase with a slope 3× higher than expected. Direct observation of part site interactions (see Fig. 8 ) allowed for understanding why assembly rates measured higher than expected. These observed interactions evidenced how assemblies occur even when part center of gravity impacts at an offset from assembly sites. In Fig. 8(a) the part impacted near the top of the assembly strip, but then slid down the strip and successfully assembles. In contrast, Fig. 8(b) shows a part landing well below the assembly strip, but then moved upwards onto the assembly site. Tolerance to offset misalignment is attributed to two reasons: 1) capillary interactions between bonding liquid and assembly parts generate "pull-in" forces" (described elsewhere [34] , [35] ); and 2) parts that land above assembly sites, interacting first with the non-binding surface, and then slide down into a correct assembly. At low E b /E k ratios (such as the case in this work) effects from pullin forces are expected to be stronger than at higher ratios. Secondary interactions are likely important at all value of the energy ratio.
The simplest treatment of this assembly process is to treat the observed tolerance to pull-in forces and secondary interactions, as an apparent increase in assembly area. The ratio of the amplified area over the original assembly site area was applied as a correction factor c; thus, modifying Equation 4 toḂ = c · ρ o · r i (when g(ϕ) = 1). As illustrated in Fig. 9a , the size of such correction factor could reasonably vary from 1 (assembly occurs only when the center of gravity impacts the site) up to 4.58 (assembly occurs when any part of the binding surface touches the site or lands above the site).
As stated above, an increased area ratio such that c = 3 lies within this expected range and agrees with the linear fit shown in Fig. 7a . However, the slope of such relation is unknown for different energy levels. Offset misalignments reduce contact area between binding surfaces; thus reducing the initial binding energy (see Fig. 9b ). Consequently, larger E k /E b ratios are expected to reduce the average tolerable misalignment. More insight into these energy effects will be obtained from studying the effects of the parameter E k /E b (upon future work).
In order to confirm the effects of these secondary interactions on assembly rate, SA rate measurements (same procedure as those presented in Fig. 7) were taken while varying the amount of space available for parts to slide. Fig. 10 shows the two assembly site configurations used with varying space above sites. Results for SA tests using such sites, and cubic parts of 0.5 mm sides, with 1 binding surface (ρ o = 0.3) and 2 binding surfaces (ρ o = 0.4), confirm that assembly rate varies with the change in sliding space available. Each site configuration is well-approximated by a linear relationship between the orientation probability and the assembly rate as seen in Fig. 7 . However, we cannot directly predict the slope with the available space above the site. The raised sites had a negligible impact on the assembly probability while the lowered sites showed a very large effect. This is likely a result of the fact that the probability of successful assembly is dependent on non-modeled effects such as part reorientation upon impact with the substrate. When the sites are lower, a larger number of the parts are able to reorient so that the downward face is parallel to the substrate. This will facilitate assembly. The orientation probability in these cases is probably more representative of the orientation probability measurements than when the samples are impacting near the corners. It may be that the details of the part rotation on impact have a substantial impact on the assembly probability when the sites are near the top edge. For example, higher sites may compensate for having less assembly area by making contact between the oil and the part on more surfaces. When a corner hits the sites, this could improve the assembly since the oil can contact up to three surfaces simultaneously-improving the odds that one of the surfaces is an assembly surface. This could create competing effects that reduce the impact of moving the sites upward as observed in these tests. Further work is needed to understand the effects of these details and other issues such as the quantity (height) of the oil film on a binding site.
V. CONCLUSIONS
A SA model based on chemical kinetics has been proposed that predicts the assembly probability resulting from an individual part-site interaction. While chemical reactions and selfassembly are analogous in many respects, SA admits to the control of many process parameters like energy distribution and part orientation in ways that are not possible in chemical reactions. This provides valuable control to overcome the slower interaction frequencies at the microscale, but it also introduces additional parameters into rate models. Four measurable parameters have been identified as potentially important: ϕ, ρ o , E b , and E k . An experimental system is presented for controlling these key parameters in order to test the nature of the process relationships. The results presented here provide support for several key aspects of the proposed model, evaluating the effects of incident angle (ϕ) and orientation probability (ρ o ). These controlled experiments provide an unprecedented look at the part-site interactions in capillary self-assembly.
Results show that part geometry can be related to assembly rate linearly with the part orientation probability ρ o . The orientation probability is a key parameter which should be improved in any SA process. While this was accomplished by changing the thickness of the parts, and rendering one, or multiple surfaces as binding surfaces, other options are possible. In other experiments performed by the authors, a (100 μm thick) coating of SU-8 (Microchem) photoresist significantly altered the part orientation probability from 30%, to 90%, because the lower density of the photoresist, shifted the part center of gravity. Other approaches could include magnetic or electric fields [14] .
SA Tests with varied part geometry provide guidance for predicting the impact of part orientation changes on assembly rates and point to the importance of secondary interactions that can occur to increase the probability of parts interacting as when they slide down an assembly substrate. These measurements point to some complexity in the interactions that is not captured in the simple model. Future work will address the variation of assembly rates with part energy and test the ability of these methods to predict the effects of geometric scale on the process rate.
On the other hand, effects of ϕ were measured to be within the experimental variation in the measurements. This is a necessary condition for an energy-based model of SA process kinetics and provides support for the energy-based model presented here. While there is some path dependency observed (Fig. 7a) the energy model provides substantial conceptual simplification and may still be very useful. Additional work is required to assess the adequacy of the energy ratio as an assembly parameter by evaluating assembly rates with varied energies across a range of part sizes eventually using multiple part sizes and bonding energies.
While these experiments are based on simplified systems that lack some effects seen in actual SA processes, results from this work provide unprecedented insight into the factors that affect part site interaction outcomes, and complement a process modeling efforts, such as the agent-based model described above [27] . From an SA system design perspective, the reported discussion suggests that controlling directionality of part motion is not as important as controlling part orientation, part velocity (kinetic energy) and bonding energy.
